Abstract. The Toll-like receptor 4 (TLR4) signal pathwayinduced inflammation is considered to be a crucial link to myocardial ischemia reperfusion injury (MIRI). Our previous study proved that radioprotective 105 kDa protein (RP105), a negative regulator of TLR4, performed a protective role in MIRI by anti-apoptosis approach. However, the mechanism of RP105 cardioprotection of anti-inflammation is still unclear. This study aimed to explore the underlying mechanism of RP105 anti-inflammation effect in MIRI. We established a rat model of MIRI induced by ligation of the left anterior descending coronary artery for 30 min followed by 2 h reperfusion. Animals were pre-infected with Ad-EGFP-RP105, Ad-EGFP or saline at the apex of the heart. All rats were sacrificed to collect blood samples and myocardial tissue and assessed by immunofluorescence, blood biochemical analysis, Evans blue/triphenyltetrazolium chloride (TTC), hematoxylin and eosin (H&E) staining, enzyme-linked immuno sorbent assay (ELISA), western blot analysis, quantitative PCR and electrophoretic mobility shift assay (EMSA). RP105 overexpression with adenovirus vectors reduced serum myocardial enzyme (CK-MB and LDH) activities, decreased myocardial infarct size, mitigated inflammatory factors interferon-β and tumor necrosis factor-α during MIRI. We also found that Ad-RP105 group exerted distinct repression of TLR4/TRIF signal pathway related proteins and mRNAs (TRIF, TBK-1, IRF3 and p-IRF3) with a low transcriptional activity of IRF3. These findings first expounded that RP105 could alleviate the ischemia reperfusion induced inflammatory status in heart via inhibiting TLR4/TRIF signaling pathway and provided a theoretical foundation of RP105 gene in MIRI.
Introduction
Ischemic heart disease (IHD) is a serious health problem in the world with growing morbidity and mortality (1) . Reconstruction of blood supply is not only the most effective treatment for IHD, but also the arch-criminal for myocardial ischemia reperfusion injury (MIRI) and reducing the therapeutic benefit (2). We could not abandon the profit of percutaneous coronary intervention, coronary artery bypass grafting or thrombolytic agents but rescue reperfusion injury. The procedure of MIRI refers to a series of complicated pathological processes, including inflammatory response (3), calcium overload (4), complement activation (5), cell autophagy (6) and apoptosis (7) . The inflammatory response with Toll-like receptor (TLR) signaling is considered to be a pivotal link to myocardial ischemia/reperfusion induced tissue injury (8, 9) . Toll-like receptor 4 (TLR4) transducted signal with an extracellular leucine rich repeat (LRR) domain and a Toll/IL-1 receptor (TIR) domain plays a critical role in the induction of the inflammatory response during MIRI (10) . TLR4 was the first discovered mammalian TLR and the only one of the TLRs family member that can activate the myeloid differentiation factor 88 (MyD88)-dependent pathways and TIR domain containing adapter inducing interferon β (TRIF) dependent-pathway (11) . TLR4/MyD88 and TLR4/TRIF activated the transcriptional activity of nuclear factor-κB (NF-κB) and interferon regulating factor 3 (IRF3) respectively, inducing a series of inflammatory factors.
A variety of studies have demonstrated that radioprotective 105 kDa protein (RP105) is a specific inhibitor of the TLR4-triggered inflammatory response in dendritic cells, macrophages and monocytes (12) (13) (14) . RP105 is the specific homologue of TLR4 of TLRs family containing an LRR domain, but TIR domain, which could not transmit signaling alone (15) . Surface expression and signal transmission of TLR4 depends upon co-expression of myeloid differential protein-2 (MD-2), while surface expression and TLR4 signaling inhibition of RP105 relies on co-localization of MD-1 homogenized to MD1 (15 to the specific inhibition of LPS-induced TLR4 inflammation signaling by RP105 (16) . RP105 suppresses the MIRI-induced TLR4 signal in cardiomyocytes in vivo. Our previous study proved that overexpression of RP105 in cardiomyocytes resulted in de-activation of the TLR4/P38MAPK/AP-1 signaling pathways, and was followed by repressing myocardial cell apoptosis to protect MIRI (17) . In addition, our unpublished data show that RP105 transmission into cardiac myocytes markedly repressed the proinflammatory action and remitted myocardial damage during MIRI via TLR4/MyD88 signaling pathway. Nevertheless, the mechanism of RP105 cardioprotection is complicated and still incomplete. In this study, we utilized adenoviral transfection of RP105 into cardiomyocytes to explore and consummate underlying anti-inflammation mechanism further in an animal model of MIRI. Our data illustrates that RP105 efficiently alleviated ischemia reperfusion induced myocardial damage by negative regulation of TLR4/TRIF signal pathway.
Materials and methods
Animal care and adenovirus vector construction. All experiments were approved by the Insitutional Animal Care Committee of the Faculty of Medicine, China Three Gorges University, Yichang, China. Sprague-Dawley rats weighing 220-250 g were obtained from the Animal Center, China Three Gorges University, Yichang, China. All the animals were housed in specific pathogen-free (SPF) barrier environment during the procedure of feeding and surgery.
Targeting gene RP105 was obtained by PCR and linked to the shuttle vector Gv135 (CMv-MCS-EGFP) to form the linker production. The recombinant vector CMv-RP105-MCS-EGFP was transformed to E. coli DH5a cells to obtain a large number of positive clones and confirmed by enzyme digestion and DNA sequencing. AdMax virus packaging system was used for the cotransfection of HEK293 cells by RP105 recombinant shuttle vector and auxiliary packaging plasmid. By means of Cre/loxP recombinant enzyme system, we acquired recombinant adenovirus Ad-RP105-EGFP and its negative control Ad-EGFP. After the packaging, amplification and purification of recombinant adenovirus vector, we obtained the virus titer of 1x10 9 PFU/ml according to the manufacturer's protocol.
Rats were randomly divided into four equal groups (n=10): i) sham, normal non-ischemic group; ii) IR, myocardial ischemia reperfusion group infected with saline; iii) Ad-RP105, myocardial ischemia reperfusion infected with Ad-EGFP-RP105; and iv) Ad-EGFP, myocardial ischemia reperfusion infected with Ad-EGFP.
Surgical procedure of adenovirus transfection and MIRI model establishment. All the surgical procedures of adenovirus transfer and MIRI model establishment proceeded as previously described (17, 18) in the SPF animal laboratory, avoiding the post-operation infections and other disturbing elements of rats before their sacrifice. The animals were anesthetized by intraperitoneal injection sodium pentobarbital (40 mg/kg) and fastened to the animal operating table. Rats were ventilated via tracheal intubation of venous indwelling needle (24 G) with room air from the small animal ventilator at the rate of 80 breath/min and the inspiratory/expiratory ratio of 2:1. The heart was exposed through a left thoracotomy between the fourth and fifth ribs and transfected with 100 µl normal saline, Ad-RP105-EGFP and Ad-EGFP at the heart apex of three separate sites in respective group. Three days later, the second anesthetization, ventilation and thoracotomy in the same manner was performed. After the heart re-exposed, the left anterior descending coronary artery (LAD) was ligated by 6-0 silk suture with medical latex tubing (inner diameter, 1.5 mm, socket) to permit reversible occlusion of LAD. Myocardial ischemia was monitored by lead II ECG with ST segment elevation and ischemic region with pallor. Animals underwent 30 min of myocardial ischemia, followed by 120 min of reperfusion. Sham-operated rats were subjected the same procedures without the blockage of the LAD or repatency. After surgery of ischemic and reperfusion, all rats were sacrificed to collect blood samples and myocardial tissue for the next step.
Immunofluorescent assay.
We assessed the expression of RP105 successful transfection in cardiac muscle tissue via immunofluorescent assay. Myocardial tissues were fixed in 4.0% paraformaldehyde, embedded in paraffin, and sectioned into 4 µm slices. After sections were dewaxed and antigen fixing, slices were sealed by 1% bovine serum albumin (BSA) for 30 min at room temperature, incubated with anti-RP105 antibody (dilution 1:80; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4˚C, hatched with Fluor Cy3 (red)-conjugated rabbit anti-bovine IgG (dilution 1:100; Boster Biotechnology, Wuhan, China) for 60 min at 20-37˚C in a humidified box and stained with 4' ,6'-diamidino-2-phenylindole (DAPI) under the conditions of protection from light. Immunofluorescent assay was executed with fluorescence microscopy (BX51; Olympus America, Melville, NY, USA) in the dark.
Biochemical analysis. The blood serum lactate dehydrogenase (LDH) and creatine kinase MB (CK-MB) were measured using a commercially available analytical kit (Beijing Kemeidongya Biotechnology Ltd., Wuhan, China).
Assessment of myocardial infarct size.
Myocardial infarct area was measured by the Evans blue/triphenyltetrazolium chloride (TTC) double-staining as previously described (17, 18) . At the end of 2 h reperfusion, 1 ml 2.0% Evans blue dye (Sigma-Aldrich, St. Louis, MO, USA) was injected via jugular vein with LAD re-ligated. The heart was isolated from in vivo, frozen at -80˚C for 30 sec, sliced into 5 sections (2 mm) and stained in 1.5% TTC (Sigma Chemicals) at 37˚C for 15 min. There are three colors in the sections, including blue representing the viable non-ischemic area, red expressing the myocardium area at risk (AAR) and white presenting infarct area (IA). The assessment of myocardial infarct size is presented by the percentage of IA/AAR that was calculated in Image-Pro Plus 5.0 software.
Hematoxylin and eosin (H&E) staining.
Hearts were fixed with 4% buffered formaldehyde for 24 h at room temperature, embedding in paraffin wax, and cutting into slices (5 µm). Subsequently, sections were stained with H&E and observed under a light microscope.
Enzyme-linked immunosorbent assay (ELISA).
The levels of interferon-β (IFN-β) and tumor necrosis factor-α (TNF-α) in myocardial tissue were detected by ELISA following the manufacturer's instructions, using ELISA kits (Abcam, Cambridge, MA, USA).
Western blot analysis.
We processed western blot analysis to examine the protein levels of TRL4/TRIF signaling pathway downstream in myocardial tissue. Protein extraction was exerted by the RIPA Lysis Buffer and concentration detection was determined using a bicinchoninic acid protein assay kit (both from Beyotime, Jiangsu, China). Equal amounts of protein were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane by electroblotting. The membrane was blocked by 5% defatted milk with Tris-buffered saline Tween-20 (TBST) for 2 h at room temperature in case of nonspecific binding. Then, the rinsed membrane was incubated with the respective specific primary antibody overnight at 4˚C, followed by a peroxidase conjugated secondary antibodies. We used anti-TRIF (dilution 1:600), anti-TBK1 (dilution 1:1,000) (both from Santa Cruz Biotechnology, Inc.), anti-IRF3 (dilution 1:1,000) and anti-p-IRF3 (dilution 1:600) (both from Cell Signaling Technology, Danvers, MA, USA). horseradish peroxidase glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was counted as a housekeeping gene to normalize the intensity of different samples. Band was measured with an enhanced chemiluminescence (ECL) reagent (Thermo Fisher Scientific, Waltham, MA, USA) and a analyzed with BandScan 5.0 software.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA was extracted from myocardial tissue with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed into complementary DNA (cDNA) with commercial cDNA synthesis kit (Thermo Fisher Scientific). qRT-PCR was conducted with the ABI Prism 7500 system using SYBR-Green/flourescein qPCR Master Mix kit (Thermo Fisher Scientific). Amplification conditions were: 50˚C (2 min), 95˚C (10 min), followed by 40 cycles of 95˚C (30 sec), 60˚C (30 sec). Primers used to amplify TRL4/TRIF signaling pathway relevant gene fragments are listed in Table I . Target gene mRNA expression was normalized by their ratios to the reference gene β-actin.
Electrophoretic mobility shift assay (EMSA). EMSA for the DNA-binding activity of IRF3 in cardiomyocytes was performed. IRF3 binding consensus oligonucleotides containing the ISREs in the rat IFN-β promoter (5'-GAA AACTGAAAGGGAGAACTGAAAGTGGG-3') were annealed and end-labeled with biotin. Nucleoprotein extracted from myocardial cell of respective group was incubated for 20 min on ice with binding buffer before probe accretion. The mixture with addition of the probe was further incubated for 15 min at 16˚C, using LightShift Chemiluminescent EMSA kit (viagene Biotech, Ningbo, China). Unlabeled probe (5'-GAA CCTGACCAGGGAGCCTGACCAGTGGG-3') was used for the competition assays. Protein with labeled or unlabeled probe mixture was separated by electrophoresis on a 5.5% polyacrylamide gel. Subsequently, gel was dried and exposed to X-ray film after electrophoresis.
Statistical analysis. Statistical analyses were performed using SPSS software (version 19.0). Data are expressed as mean ± SD. comparisons between two groups were performed using the Student's t-test, while multiple comparisons were conducted by one-way analysis of variance with a Bonferroni post hoc test. The value of P<0.05 was considered to be statistically significant.
Results

Successful delivery of RP105 into rat cardiac muscle tissue.
We injected the adenoviral vector Ad-EGFP-RP105 into three separate sites at the apex of the rat heart, exploring the anti-inflammatory mechanism of RP105 cardioprotection in MIRI model. RP105 transduction was obviously visible in Ad-EGFP-RP105 group, whereas only very low levels of endogenous RP105 were detected in Ad-EGFP group (Fig. 1) . The DAPI-labeled nuclei density was higher in the latter group, which was considered to be the nuclei of inflammatory cells.
Upregulation of RP105 reduces serum myocardial enzyme activities during MIRI. Fig. 2 illustrates that 30 min ischemia followed by 2 h reperfusion resulted in a significant increase in the activities of serum myocardial enzyme CK-MB and LDH compared to the sham group (sham group vs. IR group, P<0.05). After RP105 transduction into myocardium, the CK-MB and LDH level decreased significantly compared to IR group or Ad-EGFP group (Ad-RP105 group vs. IR group, P<0.05; Ad-RP105 group vs. Ad-EGFP group, P<0.05).
Upregulation of RP105 decreases myocardial infarction during MIRI.
Evans blue/TTC double-staining showed obvious Table I . Primers used for qRT-RCR.
Gene
Sense Antisense β-actin   CACGATGGAGGGGCCGGACTCATC  TAAAGACCTCTATGCCAACACAGT  TRIF  TGAGGAGGGTTTCTGGTAGC  GGATGCCCAGAAGAACTTGT  TBK-1  AGATGTGGTGGGCGGAATGA  CCGTGGCTGCGTGGTAGAAT  IRF3  ATGGCTGACTTTGGCATCTT  GCTAATCGCAACACTTCTTTCC qRT-RCR, quantitative reverse transcription-polymerase chain reaction; TRIF, TIR domain containing adapter inducing interferon β; IRF3, interferon regulating factor 3.
white infarct area after MIRI (Fig. 3A) In light microscopy, we found that infarcted myocardium performed myocardial fiber deformation and disorganization, myocardial cell swelling and rupturing, and inflammatory cell infiltration was distinct in IR group and Ad-EGFP group (Fig. 4) . Whereas, myocardial tissues from sham group were arranged regularly in clear striations without apomorphosis or necrosis. However, delivery of RP105 partially rescued myocardium with approximately normal structure, slight edema and a tiny amount of inflammatory cell infiltration. IR group, P<0.05). Transduction of RP105 into myocardium markedly decreased above protein expression (Ad-RP105 vs. IR group, P<0.05). qRT-PCR confirmed the above analogical results in mRNA level. The mRNA levels of TRIF, TBK-1, IRF3 and p-IRF3 were notably higher in IR group than in the sham group (Fig. 6D , sham group vs. IR group, P<0.05). Similarly, upregulation of RP105 reduced the mRNA expression after delivering RP105 (Ad-RP105 vs. IR group, P<0.05). Ad-EGFP did not affect IR-induced increase in protein or mRNA level of TLR4/TRIF pathway (Ad-EGFP vs. IR group, P-value both >0.05). We implemented EMSA assay to assess the transcriptional activity of IRF3 in cardiomyocytes. Myocardial ischemia reperfusion markedly increased the DNA-binding and transcriptional activity of IRF3 (Fig. 6E) (sham group vs. IR group, P<0.05), yet transfection of RP105 could attenuate it to some degree (Ad-RP105 vs. IR group, P<0.05).
Upregulation of RP105 mitigates inflammatory factors IFN-β and TNF-α during MIRI.
Discussion
Although myocardial ischemia and reperfusion occurred in an aseptic environment, cell debris and endogenous molecules like fibronectin-EDA and heat shock protein released from myocardium, the so-called danger-associated molecular patterns (DAMPs), would activate abacterial myocardial innate immune response and injure cardiac muscle tissue via TLRs signaling excitation (19) . TLR4 plays a vital role in the regulation of immune response and the activation of inflammatory response during MIRI, as a result of pro-inflammatory cytokine induction and chemokine factor infiltration (11) . In the present study, we demonstrated that RP105 exerted a dramatic inhibition of TLR4 inflammatory signaling pathway, developing potent protective effect against myocardial ischemia and reperfusion induced inflammation. RP105 overexpression with adenovirus vectors reduced serum myocardial enzyme (CK-MB and LDH) activities, decreased myocardial infarct size and mitigated inflammatory factors IFN-β and TNF-α during MIRI, and TLR4/TRIF signal pathway relative proteins and mRNAs (TRIF, TBK-1, IRF3 and p-IRF3) were repressed with a low transcriptional activity of IRF3. These findings first expounded that RP105 suppressed the ischemia reperfusion induced inflammatory status in the heart via inhibiting TLR4/ TRIF signaling pathway.
RP105 performes disparate regulatory roles in diverse diseases owing to different cell types. RP105 was initially discovered in the proliferation and radioactivation of murine B cells (20) . The proliferation and activation, dependent upon TLR4 signaling, were distinctly reduced during the LPSinduced humoral immune response in the B cells derived from RP105 knockout mice (21) . In other words, RP105 carried out a promotional function in B cell activated inflammatory reponse. Contrarily, the role of RP105 in myeloid cells (monocyte and macrophagocyte) was the opposite. RP105
-/-monocytes increased the mean fluorescence intensity (MFI) of monocyte activated marker CD11b and promoted the production of proinflammation factors TNF-α and IL-6 stimulated by LPS, compared to WT mice (22) . Pre-incubated with inhibitory anti-MD-1 antibody used to block the function of the RP105/ MD-1 complex in macrophages, there was increased secretion of pro-inflammatory cytokines TNF-α and IL-12p40 derived from TLR4/MyD88 pathway and dreased anti-inflammatory cytokine IL-10 (23). RP105 developed a physiological mediator in myeloid cell inflammatory response induced by TLR4 signal negatively. There is a hypothesis to explain this phenomenon. Dichotomous roles of RP105 on TLR4 signaling in B cells and myeloid cells are on account of disparate expression of TLR4 in these different cell types, leading to the diverse interactions with cell surface molecular partners (13) . TLR4/MD-2 has a higher affinity for homodimerization with itself than for heterodimerization with RP105-MD-1 (13) . High expression of TLR4/MD-2 [e.g., on macrophages (24)] induced lower affinity heterodimeric interactions to inhibit TLR4 multimerization and signaling, while low expression of TLR4/MD-2 [e.g., on B cells (21) ] promoted heterodimeric interactions to facilitate further TLR4 recruitment and signaling. The fact that RP105 displays promotion role in B cell activation and inhibition role in myeloid cells activation, may decipher the RP105 controversial regulation in diverse conditions. The roles of RP105 in the heart are very few and the mechanism remains unclear and imperfect. The study of Louwe et al proved that deficiency of the RP105 caused a boost in the inflammatory status and a remarkable cardiac dilatation after induction of myocardial infarction by amplifying TLR4 signaling (25) . Our data confirmed that RP105 contributed to cardioprotection and negatively regulated the TLR4/TRIFinduced inflammatory signal pathway. TRIF was discovered as a TIR domain-containing adaptor protein of TLR3 and TLR4 for signal transmission, inducing type I IFNs strongly (26) . Stimulation of TRIFdependent signaling pathway resulted in the revitalization of the the transcriptional regulator IRF3, the late-phase activation of NF-κB, and the activation of mitogen-activated protein kinase (MAPK) (27, 28) . As TLR4 excitation, TRIFrelated adaptor molecule (TRAM) mediated the interaction between TIR domain and TRIF to facilitate the conformation changes of TRIF and recruitment of the downstream TNF receptor-associated factor 3 (TRAF3) and TRAF6 (29, 30) . TRAF6 promoted the recruitment and ubiquitylation of receptor interacting protein 1 (RIP1) that compound with transforming growth factor-β-activated kinase 1 (TAK1) and MAPKs, leading to the nuclear translocation of NF-κB and AP-1, respectively. TRAF3 is the trigger of kinase TBK1 activation, as a result of IRF3 phosphorylation and translocation into the nucleus. The TLR4/TRIF/IRF3 signaling pathway induces type I interferon and IFN-inducible genes (31, 32 (38, 39) . In the analysis of intestinal and retinal ischemia reperfusion injury, TRIF signaling contributed more significantly to disease development than MyD88 signaling, and TRIF -/-had an obviously reduced pro-inflammatory status after IR (40, 41) . This study demonstrated that TLR4/TRIF/IRF3 signaling played a crucial role in ischemia reperfusion-induced myocardial damage and inhibition of it could develop cardioprotection through RP105 recombinant adenovirus transfection.
RP105 delivery into myocardium via recombinant adenovirus vector to alleviate MIRI is a kind of gene therapy in our present study. The basic concept of gene therapy is to transfer functional genetic material with viral vectors or non-viral vectors into human organs, tissues, or cells to supply therapeutic effects in order to prevent or treat disease (42) . Genetics has become a promising therapeutic approach to treat and heal cardiovascular diseases and able to recover the heart from dysfunctional to a functional state (43) . There is a successful case. Intracoronary administration of an adenovirus vector encoding the human HGF gene (Ad-HGF) in patients with coronary heart disease, led to high expression of HGF and its receptor (c-met), augmented serum concentration of HGF, vEGF, MCP-1 and IL-10 and reduced serum concentration of IL-8, and increased the percentage of CD34 + and CD117 + cells in peripheral blood (44) . However, gene therapy efficacy is mainly restricted by insufficient transfection efficiency of the target gene, negative immunoreaction to the treatment and weak of therapeutic effect over time (45) . Thus, the key point of gene therapy is an appropriate targeting gene and an efficient and safe gene delivery vector. We have confirmed the cardioprotection of RP105 in MIRI, but its clinical application remains uncertain and needs further study.
In conclusion, the present study demonstrated that adenovirus transmission of RP105 into cardiocytes decreased serum myocardial enzyme activities and pro-inflammatory cytokines via inhibiting TLR4/TRIF signaling pathway to alleviate heart from ischemia reperfusion injury. Our findings provide a theoretical foundation of RP105 gene in MIRI.
